A study was carried out to evaluate abrasion of shoe-sole for subjects with different running gait. A 3 dimensional (3D) scanning approach together with a commercial software, CloudCompare Mesh Cloud Comparison was utilized for this study. In CloudCompare, a grid system and colored scale was applied to identify the region and extend of abrasion of the shoe-sole. This study clearly showed the extent of abrasion on regions of shoe-sole identified from the colored scale.
Introduction


There is significant research on various shoe technologies that enhances the running experience either upon impact with the running surface, or the general running comfort. However, the pertinent question still lies insufficiently answered-when is it the right time to replace the shoe? This question branches out to various areas, specifically to how worn out the shoe is, how much the body realigns and compensates due to the altered shoe pattern and finally, what is the limit where the body's natural adaptation to the worn out shoe results in harm and hurt to the body.
National Academy of Sport Medicine [1] quoted running distances of 300-500 miles (480 km to 800 km) that indicates the shoe reaching the tail-end of its lifespan while others merely quote 300 km as being the key number. The large variance of uncertainty as well as the vagueness of this mileage range has brought other researchers and athletes to derive alternative methods of observing the wear patterns of the shoe. Cary Zinkin [2] proposed that runners should visually check the shoe alignment on a flat surface, feel for any creasing in the midsole and try on a new pair of shoes of the same model to compare the difference in bounce and support.
Evidently, these observable methods are tangible indicators of determining whether a shoe is worn out. However, these physical examinations are still subjective and not fully reliable as people might still over or under-estimate the level of shoe degradation.
Objective
The paper attempts to develop an objective methodology to evaluated abrasion of shoe-sole by applying 3D scanning of the shoe-sole before and after abrasion and to extract the difference and derive the abrasion. A grid system will be implemented to ensure consistency in analyzing the same region before and after abrasion.
Methodology
Asics Gel Noosa Tri 9 was used in this experiment. 15 volunteers who have competitive experiences in mid to long running distances were recruited to participate in this study. Written and informed consent was sought from each test subject and detailed running experience as well as prior injuries were documented before starting experiment. A pair of Asics Gel Noosa TRI™ 9 T485N was issued individually. Table 1 details a summary of the descriptive characteristics of the participants while the Appendix records the mileage breakdown.
Experimental Scope and Assumptions
The experiment spanned over a 10-month duration 
Selection of Participant's Shoe for Study
In order to ascertain a consistent measure of abrasion pattern changes of the shoes selected for analysis, Participants G, H, I and J were identified since all are Normal Pronation. All these participants also wore the same US size 9.5. In addition, these participants also exhibited the same fitness level that is on the upper spectrum of average according to the 2.4 km fitness test score adopted by MINDEF [3] . Hence the shoes of these participants were selected for 3D scanning and analysis.
3D Scanning and Comparison
Using a David Laser Scanner SLS-2, the 3D images of the new and worn left shoes were categorically documented. It is assumed that abrasion on the both feet is symmetrical and hence only the left foot shoe was scanned. The next step is to "superimpose" the 3D scanned images of the new and worn shoe. CloudCompare was used to extract the difference in the 3D scan images of the new and worn shoe. CloudCompare is a free open software that manages and compares 3D point clouds, developed externally by Salma [4] .
By importing the 3D scan image into CloudCompare, it is able to extract sampled points as dictated by the user through the <Sample Point on A Mesh> function [5] . 2 million points 1 were sampled from the 3D scan image and subsequently, triangular meshes were exported for comparison.
As it is a comparison of meshes of a used and unused shoe of identical size, there is a need to align the 2 1 There does not seem to be an apparent physical upper limit to the number of sampled points, but at 9 million points, there was a significant drop in clarity of the mesh cloud to depict the details in spite of having the smallest possible point size. As such, it appears that there is a certain upper limit for the number of sample points that compromises the image clarity. separate 3D images through the <Alignment with Equivalent Point Pairs> function. In Fig. 1 , 16 ordered points were extracted from the used and unused mesh clouds and their data sets were calibrated to match. After the approximate manual alignment, a fine alignment was carried out in CloudCompare via the "Iterative Closest Point (ICP)" algorithm through the <Fine Registration using ICP> function. The "Iterative Closest Point" (ICP) algorithm [6] from Paul Besl and Neil McKay [7] obtained the closest approximate on a geometric image to a given point by iteratively converging ordered points to the nearest local minimum of a mean-square distance metric, and thus minimizing the global mean square distance matrix over 6 degrees of freedom. The ordered points were manually picked as that they lied in between the sole material and do not come into direct contact with the ground throughout the use of the shoe.
One of the fixed points was physically sought along mid region of the shoe itself. Based on the fact that the midpoint of the shoe does not touch the ground as seen in Fig. 2 , it is a reasonably good estimate that the midpoint of the shoe will undergo negligible change over the lifecycle of the shoe. Thus it is reasonable to assume that these are consistent points on both the used and unused mesh.
Selected points were scattered along the length and width of the mesh to ensure that there is complete alignment in all 6 degrees of freedom of the shoe. The assumption that the midpoint of the shoe faced negligible wear was visually inspected and validated. All the specimen shoes that underwent more than 350 km of running wear experienced no visible wear and tear in that region.
By launching the <Compute Cloud to Cloud distance> function, CloudCompare measured the approximate differences in mesh clouds based on a predetermined octree level 2 . Using the concept of "Nearest Neighbor Distance", CloudCompare takes a triangulated data set on the nearest point and its neighbors in the reference cloud to compute an absolute distance value. Subsequently, the reference cloud can be hidden whilst 2 The Octree level is one of the main parameters for the mesh to mesh distance computation besides the maximum distance and normal distance. Critically, the higher the subdivision level of Octree is, the smaller the octree cells accommodating fewer points within each cell. This results in fewer computations done to locate the nearest points. However, the smaller cells size means a greater number of cells are iterated of which requires significant amount of computer RAM.
the compared cloud is colored with the approximate cloud distances based on a log scale as seen in Fig. 3 . This step-by-step description is illustrated in Fig. 5 .
The described quantitative derivation of the grid can be consistently repeated and hence it was used as a consistent method of obtaining a visual reference point. At this junction, it is notable to point out that each size has differing width for both Men and Women. This means each grid is specific to a particular size and width and the grid square size γ (mm) will vary according to the existing length and width. Similar approach by Gao and Allison [8] using a 2-dimensional shoe print reported a systemic accuracy of 88%.
Results and Discussion
Sample results from the 3D scan and measurement of the wear patterns in the grid system is presented in Fig. 6 . This result was derived from the left shoe comparison of Participant I.
The color code varies across the sole of the shoe, illustrating uneven abrasion. Evidently those grid cells containing colors nearing the red end of the spectrum exhibit a higher degree of wear. It is notable that the wear on the left shoe is focused around the edges of the forefoot. At the rear end (heel and left) similar red end of the spectrum can also be seen, indicating higher wear.
At the midpoint region where visual inspection of the sole showed not physical wear and tear, the color code is white/light blue. This color code is consistent across the midpoint region as in Fig. 6 . It is also noted that some of the larger and deeper "grooves" are color coded lightly indicating minimum of no wear. This result is also consistent with visual inspection. On the other hand, there are 2 large "grooves" around the heel region that exhibits red color indicating noticeable abrasion. This is also consistent with visual inspection. Abrasion around these "grooved" regions is likely due to striking force (upon land of the shoe) followed by compression of the sole and "squeezing and rubbing". The "groove" around these worn regions is noticeably smaller compared to that of a new shoe.
With a grid system, it is possible to make comparison across different subjects. For comparing shoe of different sizes, a normalized grid system can be introduced. In comparison to the grid system used in Fingerprint Biometric [9] and Forensic analysis [10] , the analysis using the grid system is directed within the cell draw up by the grid and not the grid node itself. Although there are certain data that can be derived at the grid nodes, it is more meaningful to ascertain the overall color (and thus sole changes) based on the cell in entirety as the general change is distributed in a continuous manner and not in a discrete form.
The physical point derivation in this method also avoided the issue of an inconsistent reference point allocation seen in the principal component vector line system used by Sheets [11] . Wear at the bottom sole occurs in 3 dimensions instead of 2 as described in Fig. 7 . The worn out width of the shoe is assumed unchanged and there might be error arising in terms of the grid size which result in an inaccurate positioning of the grid points. With this, there will be a significant statistical error as the comparative measurements will be done between 2 different points due to the shift in the original position. Wear measurements of shoe sole described previously by Cappaert [12] was a destructive analytical approach focused on selected region of study by placing thickness gauge to monitor wear depth.
In the open literature, there is a lack of a quantification methodology on shoe wear. In this study, abrasion of the shoe-sole can be seen through color code variation. Abrasion of the shoe sole develops over time and usage. If scanning of the shoe is planned in stages, this method described can provide a progressive analysis of abrasion over time on selected grid region accordingly.
Although the extent of abrasion is evident from the 
Conclusion
This study described a 3D scanning approach together with a commercial software to evaluate the extent of abrasion of shoe-sole of subjects with different running gait. Open-source software CloudCompare derived a colored scale illustrating the difference between the used (worn) and unused (new) shoe-sole in 3D space. A 2D grid system was implemented manually to ensure consistent analysis before and after abrasion.
The color scale and grid system of the shoe-sole indicated the region and abrasion. Likewise this method of evaluating abrasion can be investigated over time or running distance; that is, progressive abrasive with respect to time and usage. This study can be extended to include striking force of the shoe with respect to weight of subject and running speed. 
